A simple and novel method -in the form of solution spraying -was developed to fabricate biodegradable, porous poly (Llactic acid) (PLLA) particulates for scaffold. PLLA pellets were dissolved in an organic solvent. Then, 5 % PLLA-dioxane solution was sprayed using an air-assisted atomizer with a nozzle diameter of 2.5 mm at an air flow rate of 15 L/min. After the sprayed solution solidified in liquid nitrogen, spherical particulates with median diameter of 225 pm were obtained. Morphology of sprayed products could be altered by varying the fabrication conditions.
which are metabolized in the physiological pathwaywould be especially beneficial for topical applications such as sinus augmentation or guided bone reconstruction (GBR) in dental implants. This is because they are superior in shape adaptivity at the defect site and can be substituted or replaced by autologous bone12, 13) On the fabrication of polymeric microspheres and microcapsules, emulsion solvent evaporation technique is used in pharmaceutical and food processing fields14) . But, this is a complex fabrication method, and extensive and expensive equipment is necessary. In tissue engineering, the quantity of scaffold needed is not as large as in engineering use. However, peculiar properties involving various components or morphologies adaptive to each disease and defect are required.
Therefore, it is necessary to develop a simpler and more flexible method that fabricates biodegradable polymeric particulates applicable for tissue engineering.
In the present study, we proposed using the solution spraying method to fabricate porous polymeric particulates.
It is a liquid atomizing technology, and various types of atomizer have been developed and widely applied in many fields of industry15,16) A simple, outer air-mixed atomizer, i.e. , a spray gun, was used in this study.
MATERIALS AND METHODS
Outer air-mixed atomizer (spray gun) An air-assisted atomizer (spray gun, W-87, ANEST IWATA Corp., Tokyo, Japan), as shown in Fig. 1(a) , was used to fabricate biodegradable scaffold with spherical particulate.
In Fig. 2 , a quick overview of the atomization and particulates fabrication processes is shown schematically.
From the reservoir of the spray gun, a solution of biodegradable polymer and organic solvent was supplied by gravitational force, and the efflux of solution was regulated by the nozzle, as shown in Fig. 1(b) . This thus led to a liquid column of solution being formed, as shown in Fig.  1(c) Preparation of PLLA solutions PLLA pellets were dissolved in 1,4-dioxane using magnetic stirrer at 30°C to obtain PLLA solutions of 2.5%, 5.0%, 7.5%, and 10.0% in weight per volume ratio (w/v%). In addition, 5.0% PLLA-THF solution and 5.0% PLLA-multi-component solvent solution were prepared.
Scaffolds fabrication Each PLLA solution was sprayed using the atomizer with equipped nozzle diameter of 1.5 mm or 2.5 mm. Sprayed PLLA solution was trapped in solidification bath filled with liquid nitrogen (LN2) at -196°C, ethanol at -70°C and 0°C, and distilled water at 0 °C . After sprayed products were solidified, they were retrieved from solidification bath and put in desiccator. Organic solvent was removed by using Examination of fabrication conditions for spherical particulate formation Fabrication conditions that affected the morphology of sprayed products were namely the type and concentration of organic solvent, nozzle diameter of atomizer, flow rate of air supplied to the atomizer, cooling medium, and temperature of solidification bath.
Flow rate of air was measured using a flow meter (RK1250, KOFLOK, Kyoto, Japan).
When the spherical particulates were fabricated, magnified images of them were observed using a digital microscope (STZ-40TBTA, SHIMADZU, Kyoto, Japan) . Average diameter of randomly sampled 150 particulates was calculated by measuring Feret's diameter with an image analysis software (MOTIC IM-AGES PLUS 2.0S, SHIMADZU, Kyoto, Japan) .
SEM observation A scanning electron microscope (SEM; S-2150, Hitachi High Technologies, Tokyo, Japan) was employed to observe changes in morphology such as in surface property and internal structure of sprayed products.
Specimens were gold coated with a sputter coater (ION COATER, SHIMADZU, Kyoto, Japan) .
Statistical analysis
The diameters of the particulates were not normally distributed, and population statistics such as medians and quartile deviations were estimated and compared. Significant differences between groups were evaluated using Kruskal-Wallis test.
Where appropriate, the Scheffe post-hoc test was done to determine group differences. Statistical significance was established at p< 0.05.
The above analyses were performed by commercially available software (STATISTICA ver 5.1J, StatSoft, Tulsa, OK, USA and Excel Statistics 2002, SSRI, Tokyo, Japan) .
RESULTS
The effect of nozzle diameter on the morphology of sprayed products was examined using 5 % PLLAdioxane solution at a spraying air flow rate of 15 L/ min and under solidification in LN2. SEM photographs of the products fabricated with nozzle diameters of 1.5 mm and 2.5 mm are shown in Figs. 3(a)  and 3(b) respectively.
With nozzle diameter at 2.5 mm, spherical particulates were obtained; but with nozzle diameter at 1.5 mm, fibrous products were obtained.
In addition, the cooling medium and its temperature also had significant influence upon the morphology of sprayed particulates, as shown in Fig. 4 . When LN2 was used as the cooling medium, sprayed particulates exhibited a spherical morphology as shown in Fig. 4(a) . In ethanol at -70°C, particulates with irregular morphology were obtained, as shown in Fig. 4(b) .
In ethanol at 0 °C, particulates became asymmetrical and more irregular as shown in Fig.  4 (c) . In distilled water at 0 °C , sprayed products were no longer in particulate forminstead they exhibited thin film-like morphology as shown in Fig.  4(d) .
Influence of air flow rate and concentration of PLLA solution upon particulate size was examined using 2.5 mm nozzle diameter and LN2 as the solidification medium. With 5 % PLLA-dioxane solution, increase in air flow rate from 5 L/min to 25 L/min resulted in significant decrease in median particulate diameter from 760 um to 70 um, as shown in Fig. 5(a) increase in median particulate diameter from 217um to 308um, as shown in Fig. 5(b) (p=0.002 < 0.05, Kruskal-Wallis test) . Accordingly, as indicated by the above results, spherical particulate with median diameter of 225um could be successfully fabricated if 5 % PLLA-dioxane solution was sprayed using an atomizer with 2.5 mm nozzle diameter at an air flow rate of 15 L/min, and then solidified in LN2.
Surface property of spherical particulates varied with organic solvent.
As shown in the SEM images in Figs. 6 (a) and 3 (b) , where the particulates were sprayed using PLLA solution dissolved with dioxane, surface pores which might come in contact with other internal pores were formed.
In particular, for particulates prepared by multi-component solvent (Fig. 6 (b) ) , the surface pores became more prominent. However, for particulates sprayed using PLLA solution dissolved by THF (Fig. 6 (c) ) , the surface pores were reduced.
Cross-sectional SEM images of particulates sprayed using PLLA solution dissolved with dioxane The internal structure of the particulates showed characteristic, porous configuration.
DISCUSSION
For small bone defects, therapeutic strategies that apply tricalcium phosphate or hydroxyapatite scaffolds for tissue engineering have already been attempted17). However, several problems such as longterm residual effect of graft material and difficulty in shape adaptivity at defect site still remain.
Biodegradable polymeric material, PLLA, and its co-polymer can be metabolized in the physiological pathway.
In particular, biodegradable porous particulates are considered to be efficient because they can easily fill irregularly shaped bone defects and can be substituted with native bone tissue.
In this study, we aimed to fabricate biodegradable porous particulates for scaffolds used in smallscale bone tissue regeneration by applying the atomization process of PLLA solution.
Generally, in an air-assisted atomizer, mechanical energy of fast air stream is controlled by the nozzle of the atomizer and transferred to the liquid column18). On this note, the nozzle diameter influences the breadth of liquid column.
When a nozzle diameter of 2.5 mm was used, the liquid column was segmented as shown in Fig. 1(c) , thus enabling us to fabricate spherical particulates.
On the other hand, when nozzle diameter of 1.5 mm was used, the sprayed products became fibrous.
This could be due to incomplete segmentation of the liquid column arising from a smaller nozzle diameter.
As a result, it brought about strong participation of other factors into the segmentation process of the liquid column, such as viscosity or surface tension, and segmentation became incomplete.
Change in air flow rate supplied to the atomizer affected the size of the particulates.
Increase in supplied air flow would aggravate surface instability in a liquid column18), bringing about increased segmentation. This then led to generation of smaller spherical particulates.
The key regulators of the morphology of sprayed products were therefore nozzle diameter and air flow rate. Hence, by adjusting these two fabrication conditions, particulates of required size and morphology could be obtained. Atomized PLLA solution was trapped in a cooled bath and then solidified.
At this stage, though the detailed process is beyond this discussion, a difference in solidification temperature would alter the surface tension of sprayed solution. As a result, variation in the morphology of sprayed products occurred, as shown in Fig. 4 .
As for the organic solvents used to prepare the PLLA solution, different organic solvent led to different surface structure of spherical particulate.
With multi-component solvent, many surface pores were observed on the particulates.
The size of the pores, as observed by SEM, was not adequate for cells invasion. However, in our further animal experiment in vivo, not reported in the present paper, we found by histological observation after 30 days that cells invaded into the pores of the particulate.
Other benefits of the pores include the ability to accelerate the biodegradation of particulates and the potential to facilitate drug delivery when the particulate is used as a storage for drug.
Internal porous configuration of the particulates originated from the ice crystals, which were derived FABRICATION OF POROUS PARTICULATE BY SPRAYING from the organic solvent as mentioned by Nakao et al. 6 ) and other researchers19,20) Ice crystals were generated at solidification process. In the freeze drying process that followed (which was also performed in our research) , sublimation occurred and ice crystals were formed, leading to the formation of vast amount of pores.
By the present solution spraying method using an air-assisted atomizer, we concluded that PLLA particulates with varying morphologies could be fabricated by adjusting the fabrication conditions.
